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Abstract Spaceborne imagers are able to observe the airglow structures with wide field of views
regardless of the tropospheric condition that limits the observational time of the ground-based imagers.
Concentric wave structures of the O2 airglow in 762 nm wavelength were observed over North America on
1 June 2013 from the International Space Station. This was the first observation in which the entire image of
the structure was captured from space, and its spatial scale size was determined to be 1200 km radius
without assumptions. The apparent horizontal wavelength was 80 km, and the amplitude in the intensity
was approximately 20% of the background intensity. The propagation velocity of the structure was derived
as 125 ± 62 m/s and atmospheric gravity waves were estimated to be generated for 3.5 ± 1.7 h. Concentric
structures observed in this event were interpreted to be generated by super cells that caused a tornado in
its early phase.
1. Introduction
Airglow is the emission of light from atoms and molecules in the upper atmosphere. These atoms and
molecules release their excess energy that is caused by the solar radiation in the daytime. Atmospheric grav-
ity waves in the mesosphere and the lower thermosphere are studied via the observations of airglow by
ground-based and spaceborne instruments [Siskind and Sharp, 1991; Shepherd et al., 1993; Hays et al., 1993;
Belyaev et al., 2006;Makela et al., 2011; Suzuki et al., 2013]. Variations in airglow emission are mainly caused
by the variations of the number density and the temperature of atoms and molecules in the emission layer.
A single all-sky imager with a field of view (FOV) of several hundred kilometers is insufficient for observing
the entire wave structure, which may be larger than 1000 km [Shiokawa et al., 1999].
The effects of tropospheric activity on airglow disturbances in the upper atmosphere have been previously
studied. The circular structures of OH airglow disturbances, which have been interpreted to be caused by
convective clouds, were partly observed by ground-based imager [Yue et al., 2009]. Some concentric airglow
structures have been related to thunder storm activities [Taylor and Hapgood, 1988; Sentman et al., 2003;
Alexander et al., 2004]. A concentric gravity wave structure centered over a typhoon was observed by a
ground-based imager in Japan [Suzuki et al., 2007]. However, the entire structure of the concentric distur-
bance was not clarified from the ground-based observations, because of their narrow FOVs and restrictions
due to weather conditions. Concentric structures of the airglow were observed mostly around tropospheric
disturbances, which can be the sources of the atmospheric gravity waves (AGWs). The observation of these
structures near AGW sources by ground-based imagers is difficult because their FOVs are often covered
by clouds. The observations from the space can identify the sources of the concentric airglow structures
over clouds.
The entire image of a concentric airglow structure was first observed on 1 June 2013 by the spectrographic
imager on the International Space Station (ISS). The horizontal dimension of this concentric structure was
1200 km, which is larger than the FOV range of the ground-based imager.
2. Observation and Results
A concentric airglow emission event in the 762 nm wavelength was observed on 1 June 2013 by Visible and
near Infrared Spectral Imager (VISI) of the ISS-IMAP mission (Ionosphere, Mesosphere, upper Atmosphere
and Plasmasphere mapping mission from the ISS).
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Figure 1. Images of the 762 nm observation by visible and near-infrared spectrographic imager (VISI). (top) The forward
and (bottom) backward field of view (FOV) images. Images are plotted in the 1000–7000 R range. It is assumed that the
emission layer altitude is 95 km. A concentric structure of the airglow emission is observed from 04:44 UT to 04:49 UT.
VISI was installed on July 2012, on the Exposure Facility of the Japanese Experiment Module on the ISS at an
orbit of approximately 400 km. IMAP-VISI observes the airglow in the nadir direction on the nightside with
two FOVs facing 45◦ in the forward and backward of the orbital direction [Sakanoi et al., 2011]. Images taken
by VISI are one-dimensional slit images along the perpendicular direction to the ISS trajectory. The FOVs
of VISI are approximately 600 km wide at an altitude of 100 km perpendicular to the ISS orbit. The spatial
resolution of VISI is approximately 10 km at the same altitude. The observational mode that records the peak
and the background airglow emissions was used in this paper. Airglow emissions continuously observed by
VISI were 630 nm O, 762 nm O2 emission, and OH(8-3) band emission at approximately 730 nm [Sakanoi et
al., 2011]. These images were recorded at sampling intervals of 1.8 s. This sampling interval corresponds to a
horizontal resolution of approximately 14 km along the ISS trajectory because the ISS moves approximately
8 km/s. For the direction perpendicular to the ISS trajectory, the spatial resolution of VISI at the altitude of
95 km is approximately 10 km.
An event observed over the North American continent on 1 June 2013 is the focus of this paper. The obser-
vational period was from 04:33:44 UT to 04:49:01 UT on 1 June 2013. Observational images of O2 emission
at 762 nm captured by VISI are shown in Figure 1. The 762 nm airglow emission from O2 is at an altitude of
approximately 95 km. Figures 1 (top) and 1 (bottom) are the observational images recorded by the forward
and backward FOV of VISI, respectively. The horizontal axis in Figure 1 corresponds to the direction of the
ISS velocity. The vertical axis is the direction of the slit of VISI. The ISS moved from left to right, as shown
in Figure 1. The geographic coordinates shown in Figure 1 represent the positions of the center pixels of
the images with the assumption that the emission layer centers at an altitude of 95 km. The green color in
the figure indicates the 762 nm emission in the intensity range of 1000 R to 7000 R. The strongest emission
in this observation was 7897 R. Emission in the region between the equator and 20◦N was approximately
1000 R. The intensity observed by the backward FOV was weaker than that of the forward FOV. This differ-
ence may be caused by an inaccuracy in instrument calibration. Red lines in the figure indicate the positions
of the data at the times shown in UT. The ISS was positioned 6.1◦S, 135.6◦W at the start and 38.1◦N, 96.5◦W
at the end of this observation at an altitude of 410 km.
No light from the Moon was visible in this area. Reflection of the O2 airglow emission by clouds at the
762 nm wavelength was absorbed by the Earth’s atmosphere. Most of the emission of city lights were also
absorbed by the Earth’s atmosphere, although some in the image were strong and appeared as white pixels.
Cosmic rays that struck the charge-coupled device (CCD) pixels also appear as white pixels in the observa-
tional image. Intense emissions of the O2 airglow appeared between 20
◦N and 40◦N. Intense emission was
observed from 04:42 UT to 04:47 UT by the forward FOV of VISI. A wavy structure appeared at approximately
04:44 UT when the location of the center pixel of the forward FOV was at 29.9◦N, 106.9◦W. This wavy struc-
ture, observed for 5 min until the end of this observation at 04:49 UT, was concentric with the center near
35◦N, 95◦W. This structure was also observed in the backward FOV of VISI, although the entire image of the
concentric structure was not captured by the backward FOV because the VISI observation ended at dawn.
The remainder of this paper mainly investigates the image of the forward FOV. High-pass filtered data with
a cutoff wavelength of 700 km is shown in Figure 2. The geographic coordinates of Figure 2 are 110◦W to
90◦W longitude and 25◦N to 45◦N latitude. The center of concentric structure was estimated under the
assumption that wavefronts are circular and that the structure has a single center. The estimated position
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Figure 2. High-pass filtered observational data of visible and
near-infrared spectrographic imager’s (VISI) forward field of view (FOV).
Data obtained near Oklahoma, United States, are plotted under the
assumption that the emission layer exists at an altitude of 95 km. The
unit of intensity is Rayleigh. Red lines in the figure indicate wavefronts
in the concentric structure. The star in the figure indicates the estimated
center of the structure.
of the center was at 35.3◦N, 95.0◦W
which is represented by a star in
Figure 2. Red circles indicate wave-
fronts from the estimated center; the
smallest radius is 260 km. Some circular
wavefronts were observed in a region
closer than 260 km to the estimated
center. The centers of these circular
wavefronts appeared to differ; those
inside the smallest circle in Figure 2
were in the region of 94◦W to 96◦W
longitude and 34◦N to 36◦N latitude.
The high-pass filtered data on the line
35.3◦N, 95.0◦W, which is the estimated
center, to 25◦N, 108◦W is shown in
Figure 3. This line runs southwestward
and is parallel to the ISS trajectory. The
fluctuations from 0 km to 700 km cor-
respond to the concentric structure
in Figure 2. Spike of 2000 R around
300 km in Figure 3 corresponds to the
city light. The average intensity of the
peak-to-peak amplitude of the fluctuation was approximately 1000 R, which approximately represents a
20% fluctuation of the background airglow intensity. The amplitude of fluctuation does not significantly
attenuate in the range of 0–1200 km, and the dominant wavelength of this structure was 40–80 km.
The propagation speed was estimated from the spatial difference between the forward and backward FOVs
of VISI. The difference of 1 pixel size corresponds to 9.8 km at an altitude of 95 km. The interval of the obser-
vation by the forward and backward FOVs was 78 s at an altitude of 95 km. The difference of the concentric
wavefronts between forward and backward FOVs was 1 or 0 pixels in the radial direction from the cen-
ter. The propagation speed derived from this difference was 125 ± 62 m/s. Uncertainty of the propagation
speed is caused by the spatial resolution of the VISI observation. The propagation speed derived from the
difference between the two FOVs was 130–160 m/s, which is consistent with the phase velocity observed by
previous studies [Shiokawa et al., 1999; Yue et al., 2013].
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Figure 3. Variation of intensity from the center of the circular structure. The horizontal axis indicates the distance from
the center of the concentric structure, and the vertical axis indicates fluctuation from the average intensity. The base line
is taken from 35.3◦N, 95.0◦W to 25◦N, 108◦W parallel to the International Space Station (ISS) orbit.
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3. Discussion
Concentric waves in the O2 airglow emission were observed in the range of 1200 km radius from the center
at approximately 04:40 UT on 1 June 2013. The width of the central region was 260 km in diameter with a
dominant wavelength of 80 km. Its amplitude was 20% of the background intensity near the center and
was nearly almost constant in a 1200 km radius from the center. The propagation speed of waves in the
concentric structure was estimated to be 125 ± 62 m/s.
The duration time of the concentric structure was estimated from the propagation speed and the distance
from the center to the edge of the structure. At a constant speed, the propagation time of waves from the
center to the edge at 1200 km was estimated to be 3.5 ± 1.7 h. These results indicate that the concen-
tric structure was created after 23:20 UT on 31 May which is the time evaluated from the slowest speed
of propagation.
A decrease in intensity was not observed as waves of 80 km wavelength propagated to 1200 km. It is inter-
preted from this constant amplitude that waves were ducted near the emission layer. Dominant wavelength
of 80 km could be determined by the ducted propagation mechanism. A numerical simulation based on
the event observed in Brazil showed the duct propagation of AGW at an altitude of 90 km for a distance of
1000 km [Vadas et al., 2009].
To identify the source of the concentric structure, the infrared observation of tropospheric clouds pro-
vided by the National Centers for Environmental Prediction/National Center for Atmospheric Research
(NCEP/NCAR) was compared with that of the airglow emission by VISI. No clouds were observed before
23:00 UT on 31 May in the 3◦ × 3◦ region near 35.3◦N, 95.0◦Wwhich is the center of the concentric structure.
A tornado occurred on 31 May from 23:03 UT to 23:43 UT near 35.5◦N, 98.0◦W as reported by the National
Oceanic and Atmospheric Administration, approximately. This was 5 h prior to the observation of the con-
centric structure by VISI. Super cells that were observed as clouds with high-altitude tops existed for 5 h in
the 3◦ × 3◦ region near 35.5◦N, 98.0◦W after the tornado disappeared.
Observation of clouds at 04:00 UT on 1 June 2013 and the observation of the airglow by VISI are plotted in
Figure 4. The range of this map is 25◦N to 45◦N latitude and 110◦W to 90◦W longitude, which is the same
as that shown in Figure 2. The cloud is plotted according to VISI observation in Figure 4 (top). Color in the
figure indicates the temperature of the cloud top in 203–313 K range. VISI observation is plotted in green
at the position under the assumption that the emission layer existed at an altitude of 95 km. The center
of the concentric structure is represented by the blue star in the figure, and wavefronts are represented
by red circles in Figure 4 (bottom). The intervals of these circles were 80–100 km in the radial direction,
which corresponds to the dominant wavelength of this concentric structure. Clouds with top temperatures
of approximately 215 K were observed at approximately 35.3◦N, 95.0◦W, which is the center position of
the concentric structure. Many circular wavefronts of the airglow were observed inside the central region,
which correspond to the inside of the smallest circle in Figure 4 (bottom). Multiple centers of circular waves
appeared to exist inside of the central region. Ripples of the airglow intensity variation can be generated
when multiple sources exist nearby [Vadas et al., 2012]. Several clouds with high-altitude cloud tops under
the region of multiple circular wavefronts of the airglow were observed by VISI. The sources of these circular
wavefronts appeared to exist inside a diameter of 260 km from the center. Super cells, which correspond to
clouds with high-altitude cloud tops near 35.3◦N, 95.0◦W, are believed to be the source of AGWs that gener-
ate the concentric structure in the airglow emission outside the region. The dominant 80 km wavelength in
this concentric structure is consistent with that of the airglow structure caused by thunder storms [Vadas et
al., 2012; Yue et al., 2013].
Global positioning system-total electron content (GPS-TEC) observed by ground-based receivers were
investigated to study the altitude range in which AGWs propagated in the vertical direction. Data of
ground-based GPS receivers in North America were used. The horizontal structure of TEC perturbation
was studied by 20 min detrended data of the DRAWING-TEC project (http://seg-web.nict.go.jp/GPS/
DRAWING-TEC/) of Japan’s National Institute of Information and Communications Technology (NICT). Con-
centric structures in TEC were clearly observed from 23:30 UT on 31 May 2013 to 01:30 UT on 1 June 2013.
The center of the TEC concentric structure was near 35.5◦N, 98.0◦W, which is the position that the tornado
existed from 23:03 UT to 23:53 UT on 31 May. The radius of the TEC concentric structure was 1500 km at
01:00 UT, which was larger than that of the concentric structure observed by VISI. The amplitude of TEC
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Figure 4. (top and bottom) Infrared image of clouds recorded at 04:00 UT
on 1 June 2013. Temperature of clouds is indicated by contour. The
frame of the region of visible and near-infrared spectrographic imager
(VISI) observation is shown as a green rectangle. Red circles indicate
wavefronts observed by VISI.
perturbation was large in the north-
east direction and was small in the
northwest. The dominant wavelength
of the TEC concentric structure was
150 km, which is longer than that in
the airglow observation. The prop-
agation speed was estimated to be
160–180 m/s, which is faster than that
of the wavefronts in the airglow con-
centric structure observed by VISI.
Enhancement of TEC was caused by
a geomagnetic storm from 01:30 UT
on 1 June, with a minimum value of
the Dst index −119 nT at 09:00 UT on
1 June. TEC concentric structures were
not clearly observed after 01:30 UT.
It is interpreted that AGWs gener-
ated in the troposphere propagated
in the 300 km altitude and gener-
ated the concentric structure in TEC.
AGWs that generated the TEC con-
centric structure differed from those
that generated the airglow concen-
tric structure because the wavelength
and propagating velocity differed. This
result is consistent with the AGW the-
ory that TEC concentric structures with
longer wavelengths propagate faster
than airglow concentric structures with
shorter wavelengths.
The start time of the airglow concen-
tric structure was estimated between
23:20 UT on 31 May and 03:00 UT on
1 June, which was calculated from the
propagation speed of AGWs in the
concentric structure. If the airglow con-
centric structure had started before
01:30 UT, the concentric structure of
the airglow and that of the TEC would
have simultaneously existed. The dominant wavelength of the airglow concentric structure was 80 km,
which is shorter than that of the TEC concentric structure. Difference of the dominant wavelengths between
TEC and airglow concentric structures could be caused by the difference of the generation and propagation
mechanisms. Furthermore, the TEC concentric structure produced by a different tornado endured for 7 h
over North America [Nishioka et al., 2013].
4. Conclusion
The entire structure of a concentric airglow emission in the mesosphere was first observed by the
ISS/IMAP-VISI. An image of the O2 airglow emission obtained at the 762 nm wavelength was used in this
study. A concentric structure was reported in the observation of 1 June 2013. The distance from the center
to the edge of this concentric emission was approximately 1200 km, and the dominant horizontal wave-
length was 80 km. The average amplitude near the source was 1000 R, which is 20% of the background.
Attenuation was not apparent in this event. The center of the concentric structure was near the high-altitude
top clouds that existed at the time of the VISI observation. Multiple wavefronts were observed near the
center of the concentric structure. The duration time of the AGW source was estimated from the entire
AKIYA ET AL. ©2014. American Geophysical Union. All Rights Reserved. 6947
Geophysical Research Letters 10.1002/2014GL061403
concentric airglow structure. The concentric structure without attenuation was estimated to be made by
horizontal propagation of AGWs for 3.5 h in the radial direction from the center. Multiple wavefronts near
the center were appeared to be generated from different points in highly convective clouds. It is supposed
that the concentric structure observed in this event was created from highly convective clouds and that
AGWs horizontally propagated with little damping.
This is the first complete observation of the concentric airglow structure from the space. It was able to derive
horizontal propagation distance, wavelength, and velocity. This observation had shown that a single pertur-
bation in the troposphere can generate atmospheric gravity waves which propagate to a distance of more
than 1000 km in the lower thermosphere.
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